Clostridium botulinum 62-A was shown to catabolize L-arginine via citrulline to ornithine, NH3, and CO2. The individual enzymes of the dihydrolase system were all demonstrated in extracts of cells, spores, and germinated spores. There was no liberation of urea from L-arginine, so no functional arginase enzyme is present, but there was some transamidinase activity in cell extracts. L-Ornithine was degraded at a significant rate by cells grown in an L-ornithine-supplemented medium; it was partially decarboxylated to putrescine and partially fermented to NH3, CO2, volatile acids, and 5-aminovaleric acid. Results from the fermentation of L-ornithine-C'4, -1-C'4, and -2-C14 demonstrated that essentially all of the CO2 was derived from carbon 1, and volatile acids from carbons 2 to 5. Assays for the products of L-ornithine-C14 fermentation revealed that the volatile acids consisted of acetate, propionate, valerate, and butyrate (in order of decreasing concentrations), and that 5-aminovalerate was the primary reduced product. A small amount of citrulline was formed during the fermentation. The carbon and redox balances indicated that L-ornithine is fermented as a single substrate. Preliminary experiments demonstrated that the fermentation of L-ornithine is carried out by cell extracts with the production of volatile acids.
valerate was the primary reduced product. A small amount of citrulline was formed during the fermentation. The carbon and redox balances indicated that L-ornithine is fermented as a single substrate. Preliminary experiments demonstrated that the fermentation of L-ornithine is carried out by cell extracts with the production of volatile acids.
Germinating spores of Clostridium botulinum were shown by Costilow (3) to catabolize Larginine with a CO2/NH3 value considerably greater than 0.5, which is the maximal theoretical value for the dihydrolase pathway. Thus, it was thought that this organism must contain some catabolic route(s) different from or in addition to the dihydrolase system. More recently, Perkins and Tsuji (19) reported that high levels of arginine stimulated sporulation of C. botulinum in a synthetic medium, and that most of the arginine was degraded by the dihydrolase system. However, analysis of their data shows that of 90 gmoles/ ml of arginine disappearing from the medium in one experiment only about 70 ,moles could be accounted for in citrulline and ornithine after 7 days of incubation; and, in a second experiment, only 4 of 11 ,umoles of arginine disappearing 1 This report was taken in part from a dissertation submitted by the senior author in partial fulfillment of the requirements for the Ph.D. degree in microbiology. Journal article No. 3916, Michigan Agricultural Experiment Station. 2 Present address: Laboratory of Soil Microbiology, Department of Agronomy, Cornell University, Ithaca, N.Y.
could be accounted for in these two products. In addition, their data indicate that cell yields were increased when ornithine was substituted for arginine in a synthetic medium, and that the pH decreased considerably during growth in the medium with ornithine while it increased in the arginine-rich medium. This indicates that acid was being produced from ornithine.
The degradation of arginine by a number of bacteria via the dihydrolase system has been studied extensively (15, 22, 24) , but there is little information on the fermentation of ornithine. C. sporogenes utilizes this amino acid as a hydrogen acceptor (30) (12) .
Arginine, citrulline, and ornithine were determined colorimetrically by the procedures of Van Pilsum et al. (29) , Spector and Jones (25) , and Chinard (2), respectively, and by column chromatography using the method of Moore and Stein (17) for separation and an Auto Analyzer (Technicon Co., Chauncey, N.Y.) for analysis of the fractions by the procedure of Piez and Morris (20) . The results obtained with the two methods agreed closely.
Putrescine and 6-aminovaleric acid were separated from the reaction mixture by adsorbing on a 0.6 X 8 cm column of Dowex-50 X 4, 400-mesh in the H+ form, equilibrated with water, and by eluting with 1.5 N HCl to remove 8-aminovaleric acid (7) and with 2.5 N HCI to remove putrescine (27) . The fractions were analyzed as described above.
Gas Radioisotope studies. The C14-labeled substrates were obtained from New England Nuclear Corp., Boston, Mass. They were fermented in Warburg vessels as described above, except that 0.2 ml of 10% KOH was added in the center well to absorb the CO2. After stopping the reaction with H2SO4, the incubation was continued until the manometer readings indicated that all of the CO2 was trapped. The KOH was quantitatively transferred to a vial with washings and made to a volume of 2 ml. Samples were then counted for radioactivity.
The reaction mixture was transferred to a centrifuge tube with washing and made to a total volume of 4 ml, and the cells were centrifuged out. Anions and cations were separated by passing duplicate 1-ml samples through columns (0.5 X 6 cm) of Dowex-SOW X 4, 200-to 400-mesh, in the H+ form, equilibrated with water. The anions were washed through with 6 ml of water, and the cations were eluted with 1 M NH4OH.
The volatile acids were steam-distilled from the total anions, neutralized with NH40H, and evaporated to dryness under vacuum. They were dissolved in 5 ml of water, placed in a conical 10-ml centrifuge tube, and evaporated to dryness again by use of a rotary Evapo-mix (Buchler Instruments Inc., Fort Lee, N.J.). These were dissolved in 0.1 ml of water, and the individual volatile acids in 20-,uliter samples were separated from each other by paper chromatography (14) . These were located on the paper with standards, cut out, and eluted with water, and the radioactivity in each was determined.
The alkaline solution of cations was evaporated to dryness to remove the NH3, was dissolved in 0.5 ml of water, and was separated from 10-uliter samples by paper electrophoresis using the procedure of Crestfield and Allen (4) . Electrophoresis at 65 v/cm for 20 min in 0.125 M sodium acetate buffer (pH 4.3) was used to separate ornithine, putrescine, 6-aminovaleric acid, and citrulline. Arginine and ornithine are found in a single spot. Samples were run in duplicate along with the appropriate standards and located by spraying duplicate paper strips with ninhydrin. The individual spots were cut out and eluted with water, and subsamples were counted. Ornithine was separated from arginine by elution of the appropriate area after electrophoresis of 40 jsliters of reaction mixture as described above, evaporated to dryness, dissolved in 0.1 ml water, and 20-,uiter samples were run on descending paper chromatograms using butanolacetic acid-water (4:1:5) solvent. Ninhydrin was used to develop the papers, and the amino acids were identified by comparison with standards. No arginine was found in the reactions in which radioactive Lornithine was used as substrate.
In experiments with cell extracts, counts were made of the concentrates of cations and volatile acids without fiurther separation. However Fermentation of L-ornithine. Initial studies with resting cells produced in the regular growth medium demonstrated the presence of an Lornithine decarboxylase forming CO2 and putrescine; variable amounts of 6-aminovaleric acid, NH3, and volatile acids were found in the reaction mixtures. Cells produced in the L-ornithine-supplemented medium degraded this substrate more rapidly and produced higher yields of volatile acids. That the products were from L-ornithine was demonstrated conclusively by fermentations of uniquely labeled substrates (Table 3) . Most of the CO2 was obviously derived from the first carbon, since the CO2 from L-ornithine-l-C"4 Reactions were run as indicated in Fig. 1 contained about 24% of the total radioactivity, whereas that from the uniformly labeled amino acid contained only about 4%; there was essentially no radioactivity in the CO2 from the 2-C14 substrate. In contrast, the volatile acids, produced from the uniform and 2-C14 substrates, contained a much higher percentage of the label than those derived from the _-C"4. A large percentage of the C14 from all three substrates appeared in the 5-aminovaleric acid, indicating considerable reductive deamination. Also, there was apparently some synthesis of citrulline and considerable decarboxylation to putrescine. The recovery of radioactivity from all three substrates was very close to 100%, indicating that there were no other major products except ammonia. A carbon and nitrogen balance of L-ornithne fermentation is presented in Table 4 . L-Ornithine-C14 was used to permit greater sensitivity in the assays. The volatile acids found were acetate, propionate, valerate, and butyrate in order of decreasing amounts. 6-Aminovalerate was the primary reduced product, occurring in large amounts. A significant amount of the substrate was decarboxylated to putrescine, and a small amount was converted to citrulline. The carbon and nitrogen recoveries and the balanced redox indicate that L-ornithine is fermented by this organism as a single substrate. In another balance experiment run with nonradioactive substrate, in which the CO2 was measured manometrically, the volatile acids were determined by gas chromatography, and the amino compounds were separated by column chromatography and measured (Table 5 ). The cofactor requirements were not studied extensively, but the addition of coenzyme A (CoA) or lipoic acid, along with adenosine diphosphate (ADP), greatly stimulated the production of volatile acids. Carbon dioxide production is not a good measure of L-ornithine fermentation by this organism because of the active decarboxylase present. DISCUSSION C. botulinum 62-A catabolizes L-arginine primarily via citrulline to ornithine, C02, and NH3. This confirms the proposals of Perkins and Tsuji (19) . The system is apparently the same as reported for C. perfringens (22) , Streptococcus lactis (15) , and S. faecalis (24) .
Previous data (3) indicated that the spores of C. botulinum contain the enzymes for arginine degradation; this was confirmed in the present study. Thus, there is further substantiation of the previous conclusion (23) that spores contain low levels of essentially all of the catabolic enzymes found in corresponding cells.
The fermentation of L-ornithine appears quite complex. If the balance data are corrected for the putrescine formed by decarboxylation, and for citrulline which could be produced by the citrullinases with an appropriate energy source, the yields of products in micromoles per 100 ,umoles of L-ornithine fermented are as follows: C02, 10.4; acetate, 21.4; propionate, 6.9; butyrate, 2.3; valerate, 2.9; 6-aminovalerate, 81; and NH3, 100. The carbon and nitrogen recoveries calculated for these products are 101 and 91%, respectively, and the redox index is 1.08. Thus, the fermentation is in reasonable balance, although the nitro-VOL. 93, 1967 gen recovery is too low and the reduced product is somewhat high. These variations are probably within the range of experimental error.
It is obvious that a great variety of reactions would be required to produce the products found. Stadtman and White (26) (9) which ferments 6-aminovalerate with the production of acetate, propionate, and valerate. The reductive deamination of L-ormithine provides such an excellent electron acceptor that the yields of the various products could vary widely, and no stoichometric reaction for the complete fermentation is possible. Determinations of the reaction sequences involved in this fermentation are under investigation.
